Abstract-With the aid of genetic algorithm (GA), global optimization with multiple geometry parameters are feasible in the design of switched flux permanent magnet (SFPM) machine. To investigate the advantages of global optimization over individual one, which has been used extensively for the design of SFPM machines, the comparisons between two approaches are carried out at the fixed copper loss and volume. Little difference may be achieved in the produced torque although the sequence is important in the individual parameter optimization. According to the obtained global optimization the performance in machines having two types of stator and rotor pole combinations, i.e. 12/10 and 12/14, are compared, and higher torque is exhibited in 12/14 SFPM machine. Finally, this paper also demonstrates that global optimization with the restriction of same pole width, magnet thickness and slot opening can maximize the torque density without significantly sacrificing other performance, such as cogging torque and overload capability.
I. INTRODUCTION
Switched flux permanent magnet (SFPM) machines are re-emerging as an attractive machine topology for simple but robust rotor structure. Many efforts have been made on this kind of permanent magnet machine for various applications, ranging from aerospace, automotive to wind power generation. However, the detailed requirements for each application will be slightly different, which leads to the necessity of optimization.
According to the available literature, in terms of torque density the ratio of back-iron thickness over stator pole is suggested to be 0.7~0.8, and the split ratio of inner diameter to outer diameter is suggested to be 0.55~0.6 [1] . The optimal ratio of rotor pole width to rotor pole pitch is almost constant, i.e. 1/3, [2] . Harmonics of back-emf can also be minimized by changing the stator pole-arc [3] . Based on the investigation of different stator and rotor pole number combinations, the stator/ rotor combination of 12/14 SFPM machine is considered to have better torque capability than the 12/10 SFPM machine [4] [5] . In the C-core SFPM machine, it shows that as the rotor pole number increases the optimized ratio of slot opening over magnet thickness increases [6] . However, the foregoing investigations are mainly carried out with individual parameter optimisation or with different restrictions.
In order to optimize the geometry of a SFPM machine, the influence of the split ratio, stator pole width, magnet thickness, stator back-iron thickness, rotor pole width, and rotor back-iron thickness have been studied in [1] by finite element analysis (FEA). Due to long time consumption of FEA, lumped circuit model [2] and analytical expression for determining the winding configuration [3] are developed to estimate the optimized design. With the aid of such approaches, final optimized results can be quickly obtained by FEA in a narrowed scope [7] . However, consideration is seldom taken in the foregoing approaches regarding the coupling effect between geometry parameters.
Therefore, a global optimized approach combining the genetic algorithm (GA) with FEA calculated by Ansoft/ Maxwell is used in this paper to find the real global solution for 12/10 and 12/14 SFPM machines. During the optimization, the copper loss and volume are kept constant. To validate the effectiveness of such approach, individual optimized solution followed by appropriate sequence is compared. With the obtained optimized results, the performance of 12/10 and 12/14 SFPM machines are compared in terms of torque density, cogging torque, magnet consumption, flux-linkage and back-emf. It shows that global optimization with the restriction of same pole width, magnet thickness and slot opening can maximize the torque density without significantly sacrificing other performance, such as cogging torque and overload capability. Fig.1 shows the cross-sections of 12/10 and 12/14 SFPM machines, which are to be optimized in this paper. The initial design parameters for these two SFPM machines are listed in Table I , which have been used in [1] [2] .
II. INDIVIDUAL OPTIMIZATION OF SFPM MACHINES
To implement individual optimization, the sequence of design parameters should follow their sensitivity. In other words, most sensitive parameter should be optimized first. The definitions of design parameters are listed as follows: λ s is the split ratio, s p _ratio is the stator pole width ratio, r p _ratio is the rotor pole width ratio, r y _ratio is the rotor slot depth ratio, M d _ratio is the magnet thickness ratio, H ys _ratio is the back_iron thickness ratio. 
With the packing factor of 0.5, i.e. k p =0.5, the copper loss of 12.9W (80°C) is assumed during the individual optimization. Under such condition, the parameters are optimized according to the following sequence one after another: (1) split ratio; (2) rotor pole width ratio; (3) stator pole width ratio; (4) magnet width ratio; (5) back-iron thickness; (6) rotor slot depth ratio.
Figs.3-6 show the calculated average torque against the defined design parameters in both 12/10 and 12/14 SFPM machines. It should be mentioned that little influence of rotor slot depth ratio on the average torque is observed, thus, the optimized rotor slot depth ratio in both 12/10 and 12/14 is set to 0.41. Another phenomenon is noted during the individual optimization that the maximum average torque may not increase during the optimization. This is because of the coupling effect among the parameters. For easy comparison, Table II lists the initial design and optimized results for both 12/10 and 12/14 SFPM machines. Compared with the initial values, wider stator pole and thinner stator back-iron are preferred to produce higher torque for the given copper loss. After the optimization, 15% higher torque can be seen in 12/14 SFPM machine compared with 12/10 SFPM. III. GLOBAL OPTIMIZATION OF 12/10 SFPM MACHINE FOR MAXIMIZING TORQUE DENSITY As one of the most effective numerical optimization methods, GA has been widely used for seeking the optimized solution in the application of motor design. In the available literature, the torque density and cogging torque are often used as the objective of optimization [8] [9] . Due to the critical influence of objective function on the final solutions, the global optimizations of SFPM machines are carried out with and without the restriction of same stator pole width, magnet thickness and slot opening. It is expected that with fewer variables the optimization solution may be found more quickly.
A. With the restriction of b m =b ps =b slot
According to study in [2] , the stator pole width, magnet thickness and slot opening are suggested to be equal to each other to produce the maximum average torque. Therefore, the GA is firstly implemented with such restriction, and the settings of GA are as follows: the population size, mating pool size, individual crossover probability and mutation probability are 20, 20, 0.5 and 1, respectively. The objective function is defined as:
where w i and T i denote the weight and torque at specific rotor position. To optimize the average torque, the weight is set to be equal at each specific rotor position. By neglecting the reluctance torque, the zero d-axis current and copper loss of 12.9W are set during the optimization. 
B. Without any restriction
If the restriction is removed, even higher average torque should be expected. After the implementation of global optimization, Table IV shows the solution at the condition of fixed copper loss. Since in global optimization without restriction more variables are changing during the procedure, the possibility to obtain the global optimal torque in a shorter time is reduced, as shown in Fig.9 . However, due to the random characteristics of GA, the time consumption under global optimization with the restriction is not always less than that without any restriction. Moreover, in Fig.9 it shows that the GA has the capability to jump out the local optimal points.
By comparing the optimized results, very small improvement is achieved in terms of torque density if no restriction is applied to. Thereby, to optimize the torque density both the individual and global optimizations with restriction of b m =b ps =b slot can achieve good solutions in the design of SFPM machines. Regarding to other critical issues, such as magnet consumption and slot area, global optimization with the restriction is also acceptable compared with other approaches. For directly comparison of all designs, the laminations are illustrated in Fig.10 . MAXIMIZING TORQUE DENSITY For comparing the performance between optimized 12/10 and 12/14 SFPM machines, the global optimization with/without the restriction of b m =b ps =b slot are also carried out for the 12/14 SFPM machine. In this way, the influence due to other geometry parameters can be excluded, hence, only the stator and rotor pole combination may affect the average torque. However, due to the space limitation, only the final optimized results are listed in Table.VI and Table VII. In terms of magnet consumption, the advantages of 12/14 SFPM machine are observed compared with 12/10 SFPM machine, as shown in Table VIII . Moreover, higher torque can also be achieved in the 12/14 SFPM machine at the copper loss of 12.9W. A. Torque with fixed copper loss As mentioned early, the copper loss is kept constant during the optimization. To evaluate the torque production capability, a new coefficient is defined as:
Thus, the copper loss is directly proportional to this coefficient, i.e. 
B. Cogging torque comparison
The comparisons of cogging torque in the initial and global optimizations are shown in Fig.12 . Compared with the 12/10 SFPM machine, lower cogging torque is observed in the 12/14 SFPM machine for both the initial and optimized design. However, if no restriction is applied in the global optimization, the higher cogging torque is observed in the 12/10 SFPM machine. Thus, the calculation results show that with the restriction of b m =b ps =b slot in both 12/10 and 12/14 SFPM machines the cogging torque will not be deteriorated in the globally optimized results. Fig.13 compares the open circuit flux linkages of both 12/10 and 12/14 SFPM machines, together with the spectrum. Similar to the torque characteristic at the fixed copper loss, the fundamental component of flux linkage is increased in both optimized 12/10 and 12/14 SFPM machines. Noted that the electromagnetic torque is proportional to the product of flux linkage and pole pair number, smaller flux linkage in the 12/14 SFPM machine will not lead to low electromagnetic torque.
C. Flux linkage and back-EMF
Finally, Fig.13 shows the comparison of back-EMF waveforms and spectra, i.e. e ph =e 1 +e 2 +e 3 +e 4 . Less harmonics but larger magnitude of fundament component is noticed in the 12/14 SFPM machine. To evaluate the effectiveness of global optimization of SFPM machines by genetic algorithm, both individual and global optimizations of 12/10 and 12/14 SFPM machines are carried out in this paper. It shows that the individual optimization with appropriate sequence is good enough compared with global optimizations. With the aid of such global optimization, fair comparison between 12/10 and 12/14 SFPM machines can be carried out. The results show that higher torque but less cogging torque exist in the 12/14 SFPM machine. Moreover, it is found that with the restriction of b m =b ps =b slot during the global optimization the improvement of average torque will not cause high cogging torque or sacrifice the overload performance.
